The objective of this study was to determine if dietary selenium could inhibit pulmonary cell proliferation in control and cigarette smoke-exposed female A/J mice. Selenium in the form of sodium selenite was supplemented to purified diets similar to the AIN-93M diet to yield 0.15, 0.5, or 2.0 mg selenium/kg diet. After 3 weeks, mice in each dietary group were divided into two subgroups; one used as control, whereas the other was exposed to cigarette smoke for five consecutive days. Mice from both groups were euthanized 3 days later. Mice were administered bromodeoxyuridine in the drinking water starting 5 days before the initiation of the smoke exposure and continuing until they were euthanized. After euthanasia, the left lung lobe was processed for histology and cell proliferation analysis. Cigarette smoke increased cell proliferation in the terminal bronchioles and large airways, but not in alveoli. High-selenium diets inhibited cell proliferation in the alveoli, terminal bronchioles and large airways areas in both control and smoke-exposed mice. Increasing the dietary selenium level led to increased selenium levels in the blood and lung, and increased glutathione peroxidase (GPx) activity in the lung. Cytochrome P-450 1A1 protein levels in the lung were increased by cigarette smoke but were not affected by dietary selenium. It is concluded that dietary selenium inhibits pulmonary cell proliferation in both control and cigarette smoke-exposed mice, indicating that selenium is inhibiting cell proliferation independently of smoke exposure, and that this inhibition may be related to selenium concentration and GPx activity in the lung.
Lung cancer is the leading cause of death from cancer in the United States. The major risk factor for lung cancer development is cigarette smoking. Tobacco smoke is a complex chemical mixture which has been found to contain approximately 4800 different compounds (Hoffmann et al., 2001) ; approximately 100 of them are known carcinogens, cocarcinogens and/or mutagens. Polycyclic aromatic hydrocarbons (PAHs) and N-nitrosamines have received most attention in relation to tobacco carcinogenesis. Many other smoke constituents like free radicals, aromatic amines, catechols, aldehydes, and inorganics like nickel, chromium, and cadmium may be equally important, however, because some of these are present in smoke at substantially high levels. The presence of high levels of pro-oxidants like free radicals in smoke is well documented, and a puff of cigarette smoke is estimated to contain over 10 15 free radicals, which are detectable in both mainstream and sidestream cigarette smoke (Pryor et al., 1983) . Steady state reactions in smoke can prolong the half-lives of many radicals that continue to generate superoxide anions and other free radicals (Pryor, 1997) , thus increasing the oxidative potential and possibly tumorigenic activity of cigarette smoke.
Although the tumorigenicity of cigarette smoke condensates on mouse skin was demonstrated long ago, it has been generally difficult to induce respiratory cancers in animals by inhalation exposure to cigarette smoke (Coggins, 1998 (Coggins, , 2007 . However, Witschi and coworkers (Witschi et al., 1997a (Witschi et al., , b, 2000 (Witschi et al., , 2002 have conclusively demonstrated the carcinogenicity of inhaled cigarette smoke in the A/J strain of mice. The A/J mouse strain used in the smoking model is relatively more sensitive to carcinogens and has been extensively employed to examine the carcinogenicity of many structurally diverse chemicals and to develop chemopreventive interventions for lung tumorigenesis (Stoner, 1991; Stoner et al., 1993) . Treatment of these mice with single carcinogens, some known to be present in tobacco smoke, for example, PAH and N-nitrosamines, has been found to significantly increase the number of lung tumors in this strain. These observations and others have led to the widely held belief that PAH metabolites like diolepoxides and tobacco specific N-nitrosamine metabolites like 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) are the primary tobacco carcinogens (Hecht, 1999) . However, studies of Witschi and coworkers (Witschi et al., 1997a (Witschi et al., , 1998 (Witschi et al., , 2000 suggest that other smoke constituents may also be involved in tobacco carcinogenesis. Two observations in particular support this contention. First, chemopreventive agents which inhibited PAH-and NNK-induced lung tumors in this mouse model were found to be ineffective against smoke-induced lung tumors (Witschi et al., 1998 (Witschi et al., , 2000 . Second, exposure to gas phase of smoke alone, which is largely devoid of the particulate carcinogens, increased lung tumors in A/J mice to the same extent as whole smoke (Witschi et al., 1997a) . More recent studies have implicated a role of other tobacco smoke constituents such as 1,3-butadiene in smokeinduced lung tumorigenesis (Witschi, 2005) . Free radicals and other pro-oxidants of tobacco smoke, which induce oxidative stress, can also be expected to play a role in lung tumorigenesis.
Overall, these studies demonstrate the utility of Witschi model for testing complex mixture like cigarette smoke and for examining the effects of putative chemopreventive agents.
Dietary selenium (Se) has been found to inhibit the development of several types of cancer in epidemiological and experimental studies. The beneficial effect of Se in cancer chemoprevention has been recognized for nearly nine decades (Schrauzer, 2000) . The Se supplementation trial by Clark et al. (1996) , primarily designed to prevent skin cancer recurrence, demonstrated that treatment with Se decreased the risk of cancer of the prostate, lung, and colon and rectum. In addition, the concentration of Se in tobaccos from low lung cancerincidence countries is significantly higher (0.49 ± 0.22 lg/g) than that in tobaccos from high lung cancer-incidence countries (0.16 ± 0.05 lg/g) (Bogden et al., 1981) . However, the recently-published SELECT trial failed to detect inhibitory effects of Se on lung, colon, or prostate cancer (Lippman et al., 2009) . Other clinical trials are currently ongoing (Facompre and El-Bayoumy, 2009 ). Although the Clark et al. study and similar clinical trials as well as epidemiologic studies and animal studies pointed to the potential use of Se for cancer prevention and therapy, the mechanisms by which Se could protect from cancer have not been well defined. Proposed mechanisms that may explain the anti-cancer effect of Se include antioxidant protection from glutathione peroxidases (GPx) and thioredoxin reductase (TrxR), cell proliferation inhibition, increased apoptosis, effects on the cell cycle, transcription factor activation, increased expression of the tumor suppressor gene p53, impaired glutathione (GSH) metabolism, and formation of Se metabolites that are antitumorigenic (Combs and Gray, 1998; Ganther, 1999; Ip, 1998) . Selenium is an essential nutrient for cell growth, but in higher amounts can inhibit cell proliferation (Zeng and Combs, 2008) .
In this study, we tested the hypothesis that dietary Se inhibits cell proliferation in the lungs of A/J mice exposed to cigarette smoke. Witschi et al. (1995 Witschi et al. ( , 1997b previously observed that smoke exposure increased cell proliferation in the lungs of mice. Mice were fed diets containing the recommended level of Se as well as two higher levels to determine if supplemental Se would influence cell proliferation in the lung.
MATERIALS AND METHODS
Materials. The University of Kentucky reference research cigarettes 3R4F (Lexington, KY) were used. Materials for purified diets were obtained from Harlan Teklad (Madison, WI). Se was purchased from Sigma Chemical Company (St Louis, MO). The anti-CYP 1A1 antibody was purchased from XenoTech (Lenexa, KS) and the anti-rabbit horseradish peroxidase (HRP) antibodies were purchased from Sigma. All other chemicals, unless noted, were purchased from Sigma.
Smoke exposure system. Inhalation exposures to smoke was carried out in a whole-body Hinners type stainless steel/glass chamber as described earlier (Gairola, 2006) . Cigarette smoke was generated from 3R4F University of Kentucky research cigarettes. The concentration of smoke particulates in the exposure chamber atmosphere averaged 46 ± 3 mg TPM/m 3 . The mice received smoke exposure for a total of 6 h each day for 5 days, Monday through Friday, and then were euthanized the next Monday morning after the weekend.
Experimental design. Female A/J mice, 7-8 weeks old, were purchased from the Jackson Laboratory (Bar Harbor, ME), and allowed to acclimate for one week before the beginning of the study. A total of 48 mice were split into six different groups containing eight mice per group and fed a purified diet similar to the AIN-93M diet formulation (Table 1) , which contained Se at the concentration of 0.15 mg/kg (Reeves et al., 1993) . Se (as sodium selenite) was added to the diet to obtain Se concentrations of 0.5 and 2.0 mg Se/kg diet, respectively (Table 1) . Mice were fed the diets for 3 weeks before beginning smoke exposure, to allow them to adjust to the diets. At this time, one-half of the mice in each dietary group were exposed to cigarette smoke for 5 days (6 h/ day). Mice were kept an additional 3 days (64 h) without being further exposed to smoke and then were euthanized, by anesthesia with isoflurane followed by exsanguination. Mice were administered bromodeoxyuridine (BrdU) in the drinking water (0.5 mg/ml) starting 5 days before the initiation of the smoke exposure and continuing until they were euthanized. The lungs were removed during autopsy with part of the lung frozen in liquid nitrogen and then stored at À80°C, whereas the remainder was fixed in buffered neutral formalin and then processed for histology. Blood was also collected during autopsy and serum was prepared and then stored at À80°C.
Analysis of cell proliferation. After fixation and processing, 5-lm sections were prepared from paraffin blocks. The sections of paraffin-embedded tissue samples were deparaffinized, thoroughly washed in water, and then placed in 3% H 2 O 2 in methanol for 10 min. The sections were then stained immunohistochemically by the avidin-biotin-peroxidase complex method using Vectastain ABC reagent (Vector Laboratories, Burlingame, CA) with monoclonal antibodies specific for BrdU (Bectin Dickinson Labware, Franklin Lakes, NJ), at 100 ll/slide using a 1:40 dilution of BrdU. The reaction product was then visualized using diaminobenzidine (Vector Laboratories Peroxidase Substrate Kit) and the slides were counterstained with hematoxylin. Having brown nuclei identified cells that had incorporated BrdU. Labeling indexes in lung epithelial cells were determined for three regions: the alveolar zone, the terminal bronchioles, and the intrapulmonary large airways. In the alveolar zone 1000 cells per slide were counted in random fields, and in the terminal bronchioles and large airways 500 cells per slide were counted. Terminal bronchioles were identified by their opening into the alveolar ducts and large airways by their diameter (0.5-1.5 mm).
Exposure markers. Microsomes were prepared from the frozen lung tissue by differential centrifugation (Fadhel et al., 2002) , and were then used for determining CYP 1A1 protein levels by Western analysis (Subramaniam et al., 1999) .
Determination of selenium status. GPx activity was measured in lung homogenates and serum using the method of Lawrence and Burk (1976) , using hydrogen peroxide as the substrate, which is specific for the Se-dependent forms of GPx. The absorbance was measured at 340 nm in spectrophotometer. Immediately cumene hydroperoxide was added and the absorbance was measured again at 340 nm in spectrophotometer. Lung and serum Se was determined using the method of Spallholz et al. (1978) . For the GPx and serum Se methods, tissues from every mouse in the group were used, with two tissues combined before analysis, for a total of four samples per group. For the lung Se analysis, four lungs per group were used with two lungs being combined before analysis, for a total of two samples per group.
Statistical analyses. All statistical analyses were conducted using SYSTAT V.8 (SPSS, Inc., Chicago, IL) software. Results were first analyzed by 2 3 3 ANOVA. Two-way ANOVA was used because the study was a two factorial study (Se level being one factor and smoke exposure being the other factor). Differences between means were determined using Bonferroni's post hoc test. The results are reported as means ± SEM. A probability level 0.05 was required for significance.
RESULTS
In this study, we examined if dietary Se could inhibit lung cell proliferation induced by cigarette smoke. Mice were initially fed diets varying in Se for 3 weeks. Mice fed the 0.5 mg/kg Se diet weighed significantly more than mice fed the 2.0 mg/kg diet at the end of this period (Table 2) . One-half of the mice were then exposed to cigarette smoke for 5 days; mice were kept an additional 64 h without being further exposed to smoke and then were euthanized. All the mice survived cigarette smoke exposure except one (in the 0.15 mg/kg group). The control mice gained body weight, whereas the smoke-exposed mice lost body weight during the smoke exposure; mice exposed to cigarette smoke weighed less than control mice at the end of the study (Table 2) . Final body weights were not affected by dietary Se.
Lung CYP1A1 protein levels were quantified to verify smoke exposure. After 5 days exposure to cigarette smoke, the CYP1A1 protein levels of lung microsomes were higher than in the control mice in the three groups (Fig. 1) . Dietary Se did not affect the CYP1A1 levels.
Se concentrations in the lung and serum as well as GPx activity in the lung were quantified to determine if tissue Se levels responded to dietary Se. The Se levels in lung and serum increased as the intake of dietary Se increased (Table 3 ). In the lung, each dietary group was significantly different from the other groups; in the serum the medium and high dose groups were significantly different from the low dose group but not from each other ( p < 0.05). There were no significant differences in Se levels, however, between the control and smoke-treated mice in either the lung or serum. Se-dependent GPx activity in the lung of the medium dose group was higher than that for the low dose group, but there were no significant differences between the high dose group and either of the other two groups. Selenium-dependent GPx activity was significantly higher in mice exposed to cigarette smoke. Total GPx levels were not affected by either dietary Se or smoke exposure (Table 4) .
Cell proliferation was measured in the alveolar zone, terminal bronchioles, and large airways after a 12-day exposure to BrdU in the drinking water. In mice exposed to cigarette smoke, cell proliferation was increased in the terminal bronchioles and large airways, but not in the alveolar zone. In all three zones, cell proliferation in the medium and high Se dose groups was significantly lower than the low dose group Note. Results are means ± SEM. Significant differences in smoke-exposed mice for the same selenium level are indicated with an asterisk (*); for differences due to dietary selenium, values with different superscript letters are significantly different ( p < 0.05).
FIG. 1.
Western blot of CYP 1A1 in the lung of mice exposed to smoke and fed different levels of selenium.
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DISCUSSION
In this study, we tested the hypothesis that cell proliferation induced by cigarette smoking may be inhibited by dietary Se. We observed that increased dietary Se inhibited cell proliferation in the lung, and that these effects were consistent with higher levels of Se in the lung. Dietary Se appeared to inhibit cell proliferation independently of smoke exposure, because it significantly inhibited cell proliferation in both control and smoke-exposed mice, with no significant interactions in the ANOVA.
We observed that cigarette smoke induced increases in cell proliferation in the terminal bronchioles and large airways but had no effect in alveoli. The results in the large airways and alveoli are in agreement with the earlier study of Witschi et al. (1995) , who used a similar protocol (6 h/day, 5 days/week exposure with euthanasia one wk after beginning exposure; 7-day Alzet pumps were used for BrdU administration). However, we observed a significant increase in the labeling index in the terminal bronchioles, whereas Witschi et al. did not. Witschi et al. did observe an 89% increase, but this was not listed as being statistically significant, and the P value obtained was not listed. However, Witschi et al. (1997b) observed increases in cell proliferation in large airways and terminal bronchioles with 1-6 weeks exposure and in alveoli with 1-2 weeks exposure, using the same protocol. Prolonged exposure to smoke in mice did not induce increases in cell proliferation in any of the cell types, however (Witschi et al., 1995 (Witschi et al., , 1997b . In rats, after exposure to cigarette smoke for 6 h/ day, 5 days/week, bronchiolar cell proliferation was increased after 5 days but not after 28 or 90 days of smoke exposure, using a 3-day Alzet pump; alveolar cell proliferation was not affected at any time (Ayres et al., 1995) . March et al. (1999) , however, observed that exposing rats to cigarette smoke for 6 h/day, 5 days/week for 2 weeks, with a 7-day BrdU exposure using Alzet pumps resulted in increased cell proliferation in the terminal bronchioles and axial airways. In another study using rats, Zhong et al. (2005) found that a 14-week exposure (6 h/ day, 3 days/week) increased cell proliferation in the central and distal airways but not the parenchyma. In hamsters, exposure to cigarette smoke did not result in increased cell proliferation in lung epithelium (Takahashi et al., 1992; Witschi and Rajini, 1994) . Therefore species differences clearly exist in the proliferative response to cigarette smoke exposure, and variation among studies also exists. Note. Results are means ± SEM. Significant differences in smoke-exposed mice for the same selenium level are indicated with an asterisk (*); for differences due to dietary selenium, values with different superscript letters are significantly different (p < 0.05). The role of cell proliferation in lung carcinogenesis remains unclear. The induction of lung tumors clearly involves increased cell proliferation and/or decreased apoptosis. The results of the present study as well as those of Witschi et al. (1995; 1997b) show that the rate of cell proliferation in terminal bronchioles and large airways correlates well with the induction of tumors by smoke exposure, although not as well as in alveoli, one of the sites of lung tumorigenesis. With other lung carcinogens, cell proliferation is often correlated with carcinogenicity, but not always (Witschi et al., 1987; Witschi, 1986) . Several metabolic pathways that lead to enhanced cell proliferation have been found to be activated during lung carcinogenesis, including cyclooxygenase (COX)-2 and its downstream signal transduction pathways, the Wnt-signaling pathway, ras-mediated signaling, and the epidermal growth factor signaling pathway (Adjei, 2001; Capdevila et al., 2009; He et al., 2005; Huber and Stratakis, 2004; Lee et al., 2008) .
Se decreased cell proliferation in the alveolar zone, in the terminal bronchioles, and in the large airways, both in smokeexposed and control mice. The medium dose level produced a significant decrease, with no further decrease in the high dose group. The concentration of Se in the lung was further increased in the high dose group, but this did not result in further reductions in cell proliferation. However, the highest activity of selenium-dependent GPx was observed in the medium dose group; the activity in the high dose group was not significantly different from that in the medium dose group. Therefore, the effects of Se on cell proliferation correlate better with selenium-dependent GPx activity than with Se concentrations. No previous studies have examined the effect of dietary Se on cell proliferation in the lung in vivo. Se has been found to inhibit the proliferation of lung cells in vitro (Ao et al., 1987; Chen et al., 2003; Swede et al., 2003) .
These studies support a chemopreventive role for Se in lung carcinogenesis. 1,4-Phenylenebis(methylene)selenocyanate (p-XSC) but not sodium selenite or Se-enriched yeast was found to inhibit 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK)-induced lung tumors in A/J mice (Das et al., 2003; el-Bayoumy et al., 1993) . p-XSC but not selenomethionine was subsequently found to inhibit both the initiation and promotion phases of NNK-induced carcinogenesis in A/J mice (Prokopczyk et al., 1997) . Li et al. (2005) found that 2-oxo-selenazolidine-4(R)-carboxylic acid (2-oxo-SCA) and selenocystine inhibited NNK-induced lung tumors in mice, whereas sodium selenite, L-selenomethionine, Se-methyl-L-selenocysteine, SCA, and 2-methyl-SCA did not. In addition, dietary Se as sodium selenite did not inhibit NNK-induced lung tumors in A/J mice (Castonguay et al., 1991) . Therefore, some forms of dietary Se appear to be effective in inhibiting lung carcinogenesis in mice, whereas others do not.
In summary, cell proliferation in the lungs of A/J mice was inhibited by dietary Se. Se inhibited cell proliferation in both control and smoke-exposed mice, indicating that it acted independently of smoke exposure. The effect of dietary Se on the smoke-induced A/J mouse model of lung cancer (Witschi et al., 1997b) should be examined in future studies. In addition, further research needs to be carried out to determine the molecular mechanisms by which Se is inhibitory, and thus provide a mechanistic basis for possible dietary recommendations for the prevention of lung cancer. Note. Results are means ± SDs. Significant differences in smoke-exposed mice for the same selenium level are indicated with an asterisk (*); for differences due to dietary selenium, values with different superscript letters are significantly different (p < 0.05).
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